Visual motion, such as radial optic flow, is an important cue for perceiving direction during ego-motion. Several previous studies have reported that the perceived speed of a radial optic flow is underestimated when the represented ego-motion direction between radial optic flow and non-visual (such as vestibular or/and proprioceptive) information is congruent. In the present study, we examined whether sensitivity to different types of optic flow (radial vs. laminar) interacts with vestibular input in different ways by using another method: instead of estimating the perceived speed of the visual motion pattern, we measured motion-coherence thresholds. The results indicated that when the heading direction was represented by a radial optic-flow pattern, the radial optic-flow sensitivity was significantly lower under the condition where the visual and vestibular sensory input were congruent with the ego-motion direction than under the condition where the visuo-vestibular input and ego-motion were incongruent. These results indicated that radial optic-flow sensitivity was decreased by the congruent vestibular input during the ego-motion event. On the other hand, when the direction of ego-motion was represented by a laminar optic flow, the results were different from those observed with radial optic flows. These data suggest that vestibular input has some effect on optic-flow sensitivity but that the magnitude of the effect of vestibular input may differ between distinct flow patterns such as radial and laminar optic flows.
Introduction
A number of theoretical and empirical studies have confirmed that visual motion (optic flow) evoked by ego-motion is an essential cue for perceiving and controlling the observer's ego-motion (cf. Gibson, 1950 Gibson, , 1979 Lappe, Bremmer, & van den Berg, 1999; Warren, 1998 ; but see also Harris & Rogers, 1999) . The signs of ego-motion perception from optic flow can be observed even in infants who still have a limited ability to move through the environment (Bertenthal & Bai, 1989; Bertenthal, Rose, & Bai, 1997; Higgins, Campos, & Kermoian, 1996; Lee & Aronson, 1974; Stoffregen, Schmuckler, & Gibson, 1987) . This implies that opticflow perception is an important ability and is fundamental to the perception of ego-motion direction.
Of course, optic flow is not the only valid information representing ego-motion. It is well known that our perception of ego-motion entails some interactions between visual and non-visual information. For instance, Pelah and Barlow (1996) reported that an adaptation to a given situation, such as running on a treadmill for several minutes, could elicit a visual after-effect with respect to visual ego-motion speed; the walking speed on solid ground would be overestimated after the adaptation. Their findings indicate that proprioceptive information, possibly signaling the direction of ego-motion, can affect the visual perception of ego-motion. Other studies have also shown that non-visual stimuli, such as vestibular input, affect visual motion processing. Studies investigating the effect of ego-motion on the magnitude of motion after-effect (e.g., Harris, Morgan, & Still, 1981; Wallach & Flaherty, 1975) have reported that adaptation to a visual motion pattern with valid ego-motion (e.g., the observer views a radial visual expansion with forward ego-motion) results in a reduced motion after-effect. This implies the existence of some interactions between visual and nonvisual information relating to the perception of ego-motion.
Several other studies have investigated the real-time interaction between visual and non-visual input during an ego-motion event. For instance, Jaekl, Jenkin, and Harris (2005) examined the relationship between vestibular input and visual motion perception more directly. In those experiments, observers wore a head mount display (HMD) and observed optic-flow patterns while they engaged in head movements, rotating or translating their heads in various directions. Their task was to adjust the gain of speed of the optic-flow pattern presented on the HMD during head movement to fit the view of the stable visual world. The results showed that the required speed gain for perceiving a stable visual world was higher than the geometrically natural one. These findings suggest that the perceived speed of an optic-flow pattern can be suppressed by vestibular input when the visual input and vestibular 0042-6989/$ -see front matter Ó 2012 Published by Elsevier Ltd. http://dx.doi.org/10.1016/j.visres.2012. 04.008 input are congruent with each other. A similar phenomenon was reported by Durgin, Gigone, and Scott (2005) , who investigated the effects of proprioceptive signals and vestibular input on visual motion perception. They measured the magnitude of the perceived speed of an optic-flow pattern presented on a HMD while participants walked on a treadmill (proprioceptive information only), rode a cart, thus being passively moved forward and backward (vestibular information only), or walked forward and backward by themselves (both proprioceptive and vestibular information). They found that the perceived speed of the optic flow was underestimated when the ego-motion direction represented by the optic flow corresponded with that represented by non-visual input. Moreover, the underestimation of visual motion speed was greatest under the condition where the participants walked by themselves. These results suggest that if visual and non-visual input provide consistent information about the direction of egomotion, the perceived speed of optic flow can be decreased during ego-motion.
Such a reduction in optic-flow sensitivity may reflect an adaptive function enabling us to perceive the visual world as stable during ego-motion. For instance, when we face and move forward, we typically see a radial expanding visual scene; yet despite the existence of such an optic-flow field, in most cases, we easily perceive a stable rather than a moving or deforming environment. This implies that our visual system has an ability to resist or compensate for optic flow during ego-motion to enable perception of a stable visual environment. Indeed, several perceptual theories (e.g., Barlow, 1990; Wallach, 1985 Wallach, , 1987 are concordant with our interpretation above.
If the compensation for optic flow caused by non-visual information is an adaptive function to enable the perception of a stable environment during ego-motion, the function may be specialized to a particular direction of optic flow; that is, the compensation process may have a preference for a particular optic flow. For example, when we move through the environment, in most cases, we face and move forward. In such a situation, we typically see a radial expansion pattern. On the other hand, if we walk forward while looking down at our feet, we see a downward laminar pattern. However, in practice, the latter situation is less likely to occur than the former situation. Thus, it is plausible that the amount of visual compensation caused by non-visual input may differ between different optic-flow patterns (e.g., radial vs. laminar optic flow). Although the underestimation of radial flow speed caused by non-visual information has frequently been reported (e.g., Durgin, Gigone, & Scott, 2005; Pelah & Thurrell, 2001; Thurrell, Pelah, & Distler, 1998) , several previous studies (Durgin, Gigone, & Scott, 2005; Jaekl, Jenkin, & Harris, 2005) have reported no systematic differences in the compensation effect of various visual motion patterns (i.e., those that are potentially equivalent to radial, rotational, and laminar flows). One possible explanation for the insignificant effect of variations in optic-flow direction on the visual compensation process in these previous studies is that the magnitude of the perceived speed of an optic-flow pattern was measured. These studies used simulated dynamic virtual 3D environments as visual stimuli. This implies that those visual stimuli were distinct from one another not only in their direction but also in various other aspects, such as speed properties (mean speed, maximum speed, minimum speed, and so on), depending on the observer's posture or movement. Such uncontrollable speed differences may affect the observers' judgment of the apparent speed of an opticflow pattern and conceal the difference among the distinct flow patterns. Moreover, the apparent speed of visual motion is variable depending on differences in the direction of visual motion patterns (e.g., radial, rotational, and laminar patterns) even if the different directional patterns have the same speed (Clifford, Beardsley, & Vaina, 1999; Geesaman & Qian, 1996 , 1998 . Such a bias in perceived motion speed may have affected the results of the previous studies.
The aim of the present study was to explore whether different visual motion patterns interact with vestibular input in different ways. Based on the research discussed above, we used simple dynamic random dot patterns as visual stimuli and measured the coherence threshold for the detection of radial (Experiment 1) and laminar (Experiment 2) optic flow during ego-motion. Use of dynamic random dots and measurement of coherence thresholds are popular ways to estimate various optic-flow sensitivities (e.g., Britten, Shadlen, Newsome, & Movshon, 1992; Edwards & Badcock, 1993; Edwards & Ibottson, 2007) , and the coherence threshold to detect a global motion pattern is relatively independent of the factor of motion speed (Scase, Braddick, & Raymond, 1996; van de Grind, van Doorn, & Koenderink, 1983) . Hence, measuring the coherence threshold for dynamic dot patterns can be a valid alternative way to measure perceived speed in an investigation of visual-vestibular interactions during self-movement.
Experiment 1
In this experiment, we examined the interaction between radial optic-flow sensitivity and vestibular input. In Experiment 1a, radial optic-flow sensitivity during passive forward/backward ego-motion was measured. In Experiment 1b, sensitivity to virtually the same visual pattern used in Experiment 1a was tested without any ego-motion.
Method

Observers
Eleven undergraduate students (seven females and four males, aged between 19 and 30 years) participated. All were naïve to the purpose of the experiment and had normal or corrected-tonormal vision.
Apparatus
A wheelchair (Kawamura Cycle, Ltd., KR501) was used to present vestibular stimuli to the observers (see Fig. 1 ). A well-trained experimenter swayed the wheelchair forward/backward to produce the observer's movement during the experiment. An optical computer mouse (Dospara, Ltd., OP-MOUSE-SV) was attached to the bottom of the wheelchair. A large mat designed for use with the optical mouse (IRIS OHYAMA, Ltd., DMT-1569PZ) was spread on the floor of the experimental room. The position of the mouse was adjusted to put the sensor of the mouse into contact with the mat so that the mouse could pick up the wheelchair's (and thus the observer's) forward/backward movement. The mouse was connected to a personal computer (PC) (SONY, Ltd., VGN-S93S), and the mouse input regarding the y-axis (corresponding to the sagittal axis of the wheelchair) was sent to the PC in real time. The PC generated a visual stimulus representing the movement of the wheelchair. The stimulus was displayed on a head-mounted display (HMD) (VUZIX, Ltd., iWear VR920). The HMD was firmly attached to the observer's head using a headband for glasses (SWANS, Ltd., Sport-band). Only the right-eye channel of the HMD was used to present visual stimuli so as to maintain monocular viewing. The resolution of the HMD was set at 640 Â 480 pixels. The size of the presentation field in visual angle was 26.7°Â 20.1°. The refresh rate of the HMD was 60 Hz. The observer fastened a safety belt designed for wheelchair users (ANGEL, Ltd., Safety belt for wheelchair) to minimize fluctuations in the observer's body movements. A chin/head rest was used to keep the observer's head position steady. A keyboard was connected to the PC to retrieve the observer's responses.
Stimulus
Each visual stimulus consisted of 200 moving white dots scattered on a circular black background subtending 20°. The positions of the dots were updated every 16.7 ms. Each stimulus contained a mixture of signal and noise dots. The signal dots moved in synchrony with the observer's movement; when the observer moved forward/backward the dots moved along a radial expansion/contraction trajectory. The trajectories of noise dots deviated randomly from the radial trajectory, so that the noise dots constructed a random motion pattern. The signal-to-noise ratio of a stimulus was adapted to measure the radial-motion-detection threshold (for details, see the Section 2.1.4 below). The velocity of all dots changed equally and simultaneously, according with the observer's movement. The dot velocity (V: in deg/s) was defined by the following equation:
where a was constant (0.08), and M was the momentary velocity of the observer's movement (in cm/s). This means that a radial flow pattern had no speed gradient. Such a radial flow pattern tends to be perceived as a non-rigid transforming (e.g., two-dimensionally spreading/shrinking) object rather than as a rigid object moving in depth (e.g., three-dimensionally approaching/receding object) and is less effective for eliciting the perception of a rigid motionin-depth event than is a radial flow having a positive speed gradient (De Bruyn & Orban, 1990; Masuda, Wada, & Noguchi, 2002) . Notice that the aim of the present study was to compare the effect of vestibular information regarding differences between the detection of radial and laminar patterns. Adding a positive speed gradient to a radial flow pattern would have resulted in the generation of different speed properties for the radial and laminar patterns. Such a difference could have affected the results of our experiments in unpredictable ways. Hence, in the present study we needed to use the simplest visual motion patterns. Moreover, in our pilot observation, we found no systematic difference in the use of radial optic flow with or without a speed gradient under the current experimental setting. The size of each dot was fixed at 0.3°. Each dot had a lifetime of a maximum 10 frames. Each dot's lifetime was randomly set from 1 to 10 frame(s) at the first frame of the stimulus presentation. When the lifetime elapsed, the dot was randomly repositioned on the presentation field and re-assigned a lifetime of 10 frames. Dots were also repositioned when they reached the peripheral or inner edge of the presentation field. The maximum/ minimum velocity was typically about ±3.2 deg/s when the observer moved at a speed of ±40 cm/s (for the approximate peak velocities of the observers' movement, see Fig. 2 ), although some differences in the maximum/minimum velocity of dots were found among observers. Individual differences in dot speed derived from individual differences in wheelchair movement; that is, the weight of the observers may have affected the sway speed because the wheelchair was swayed manually. We recorded a profile of the wheelchair's movement during each experimental trial in Experiment 1a. Based on the recorded profiles, we calculated the mean movement profile for each experimental session for each observer (Fig. 2) and applied the mean profile to generate a visual stimulus in Experiment 1b. This operation allowed us to present virtually the same visual stimulus in Experiment 1b as was used in Experiment 1a, but without any real movement.
2.1.4. Procedure 2.1.4.1. Experiment 1a. Experiments were conducted according to the principles laid down in the Helsinki declaration. Written informed consent was obtained from each observer before the experiments. Each trial began when the observer hit an assigned key. A fixation cross appeared at the center of the HMD for 500 ms, and the first visual stimulus followed for 2000 ms. At the same time, a well-trained experimenter swayed the wheelchair forward and then backward with a temporal frequency of 0.5 Hz (Fig. 1) to present a vestibular stimulus. After the presentation of the first stimulus, a blank screen was presented for 1000 ms, followed by a fixation cross. After that, the second visual and vestibular stimuli were presented in the same manner as the first stimulus. One of the two visual stimuli was the target, which contained both signal and noise dots, and the other was the distractor, which consisted of noise dots only. The observer's task was to judge which stimulus was the target by pressing one of two assigned keys at the end of each trial. No feedback was given to the observers. To measure the coherence threshold for detection of the radial motion pattern, the transformed staircase method, which converged on a 79.4% correct performance level (Wetherill & Levitt, 1965) , was used. The coherence of a target stimulus (the percentage of ''the number of signal dots'' relative to ''the number of signal dots + noise dots'' in a target stimulus) was 75% at the start of the staircase. The initial step size was 8%, followed by 4% at the first reversal, 2% at second reversal, and 1% for the remaining reversals. Each staircase terminated after eight reversals. The threshold was defined as the average signal strength at the last six reversals. Six staircases were used to measure the coherence threshold for radial motion detection under each experimental condition for each observer. One staircase was run in each experimental session. Hence, each observer participated in six experimental sessions under each experimental condition.
Two experimental conditions were used (Fig. 3) . Under the congruent condition, the directions of ego-motion represented by the visual stimulus and by the vestibular stimulus were always consistent: when the observer moved forward/backward, a radial expansion/contraction was presented on the HMD. Under the incongruent condition, the directions of ego-motion represented by the visual stimulus and by the vestibular stimuli were always opposing: when the observer moved forward/backward, a radial contraction/expansion was presented.
2.1.4.2. Experiment 1b. The experimental methods were the same as those used in Experiment 1a, with the exception that the wheelchair was fixed to the floor, so no vestibular stimulus was presented. We had recorded a profile of the wheelchair's movement during each experimental trial in Experiment 1a (see Fig. 2 ). Based on the recorded profiles, we calculated the mean movement profile for each experimental session for each observer and applied the mean profile to generate a visual stimulus in Experiment 1b. This operation allowed us to present virtually the same visual stimulus as that used in Experiment 1a without any real movement of the wheelchair in Experiment 1b.
Results and discussion
In Experiment 1a, five of the 11 observers indicated a significantly (or marginally significantly) higher coherence threshold under the congruent than under the incongruent condition (Fig. 4a) . These results suggest that, although some individual differences were observed, radial motion sensitivity declined when the visual and vestibular information were congruent with the direction of ego-motion. However, this difference between the congruent and incongruent conditions may be attributable to the differences in the visual stimuli. The visual stimuli under the two experimental conditions were qualitatively different from each other. For instance, under the congruent condition, an expansion pattern always preceded a contraction when a target stimulus was presented, whereas under the incongruent condition, a contraction preceded an expansion. Although we have no a priori reason to infer that the difference in results between the congruent and incongruent conditions arose from such a difference in visual stimuli, it would be better to consider any differences in visual stimuli before drawing any conclusions from the results. To investigate the effect of these differences in the visual stimuli on the results of Experiment 1a, we analyzed the results of Experiment 1b. The visual stimuli used in Experiment 1b were virtually the same as those used in Experiment 1a but were not accompanied by vestibular stimulation. Hence, if the difference between the congruent and incongruent conditions in Experiment 1a were responsible for the difference in visual stimuli, results similar to those obtained in Experiment 1a should be observed in Experiment 1b. However, none of the observers showed significant differences between the Fig. 3 . A flow chart of the experimental procedure for (a) the congruent and (b) the incongruent conditions of Experiment 1a. A target is presented as the first visual stimulus in these cases. mean coherence thresholds under the congruent and incongruent conditions in Experiment 1b. This indicates that the differential coherence thresholds between the congruent and incongruent conditions in Experiment 1a cannot be explained by the differences in the visual stimuli between the conditions. The analysis of the individual results suggests that radial opticflow sensitivity decreases under conditions in which visual and vestibular input are congruent. The same trend was replicated in an analysis of the group results (Fig. 4b) . We conducted a twoway ANOVA (visual stimulus [congruent/incongruent] vs. vestibular stimulus [dynamic (Expt. 1a)/static (Expt. 1b)]) with a repeated measure for the group results of Experiments 1a and b. The ANOVA revealed a significant main effect of the vestibular factor [F(1, 10) = 13.996, p = 0.004]; thresholds were higher with vestibular stimulation (Expt. 1a) than without (Expt. 1b). We found no effect of the visual factor [F(1, 10) = 3.082, ns]; thresholds did not depend on the order in which contraction and expansion were presented. Indeed, a significant interaction was observed, suggesting that the visual effect depended on vestibular stimulation [F(1, 10) = 12.016, p = 0.006]. Particularly, under the vestibular condition, thresholds were higher during congruent than under incongruent visual stimulation. This was examined in greater detail with further statistical tests. Tukey's HSD post hoc test was conducted for multiple comparisons, and we found that the difference between the congruent and incongruent conditions was significant in Experiment 1a (p = 0.006) but not in Experiment 1b. These group results suggest that, although the radial optic-flow sensitivity was lower under the congruent condition than under the incongruent condition in Experiment 1a, no similar trend was observed in Experiment 1b.
These results indicate that radial optic-flow sensitivity is weakened when we see such a flow pattern during an ego-motion event in the natural state. Our findings parallel those of prior studies (Durgin, Gigone, & Scott, 2005; Jaekl, Jenkin, & Harris, 2005; Pelah & Thurrell, 2001; Thurrell, Pelah, & Distler, 1998) , which have reported that sensitivity to the speed of visual motion patterns decreased during ego-motion events.
Experiment 2
In Experiment 1, we found that radial optic-flow sensitivity can be decreased when the visual and vestibular input are congruent during ego-motion. In this experiment, we examined whether the findings of The results of Experiment 1 can be generalized to indicate a relationship between vestibular input and the other type of optic-flow pattern, laminar downward/upward motion.
Method
Observers
The same observers who took part in Experiment 1 participated.
Apparatus, stimulus, and procedure
The experimental methods used in Experiments 2a and 2b were the same as those used in Experiments 1a and 1b, with two exceptions. First, observers sat in the wheelchair with their faces in a headrest positioned parallel to the floor so that they faced the floor throughout the experimental sessions (see Fig. 1b ). This allowed us to adopt laminar downward/upward optic flow as visual stimuli without any change in the direction of self-motion. When we look down and move forward/backward, we typically see downward/ upward optic flow. Therefore, the second change in the experimental procedure was that the visual stimulus was laminar downward/ upward optic flow instead of radial expansion/contraction.
Results and discussion
Three of the 11 observers showed a significantly higher coherence threshold under the congruent than under the incongruent condition (Fig. 5a ) in Experiment 2a. On the other hand, two of the three observers who showed significant differences between the congruent and incongruent conditions in Experiment 2a again showed significant differences between the two conditions in Experiment 2b (Fig. 5a) . These results imply that the optic-flow sensitivity under the congruent and incongruent conditions of Experiment 2a may have differed due to the difference in the presentation order of downward and upward flows. However, such a tendency was not observed in the group analysis (Fig. 5b) . We conducted a two-way ANOVA (visual stimulus [congruent/incongruent] vs. vestibular stimulus [dynamic (Expt. 2a)/static (Expt. 2b)]) with a repeated measure for the group results of Experiments 2a and b. The ANOVA revealed a significant main effect of the vestibular factor [F(1, 10) = 25.425, p < 0.001]; thresholds were higher with vestibular stimulation (Expt. 2a) than without (Expt. 2b). We found no effect of the visual factor [F(1, 10) = 3.164, ns]; thresholds did not depend on the order in which downward and upward flows were presented. No significant interaction was observed, suggesting the visual effect did not vary with vestibular stimulation [F(1, 10) = 0.129, p = 0.727].
Although slightly different trends were observed in individual and group analyses, the overall results of Experiment 2 suggest that the direction of vestibular input had little or no effect on sensitivity to upward/downward laminar optic flow, at least in the current experimental setting. That is, unlike Experiment 1a with radial flows, no significant decrement in the coherence sensitivity was found with the laminar flow pattern even under the condition in which the visual and vestibular stimuli moved in the same direction.
General discussion
In the present study, we examined whether radial and laminar optic-flow sensitivity are affected by congruent vestibular input during a forward/backward passive ego-motion event. We found that the radial motion-coherence threshold increased when the directions of radial optic flow and vestibular input were congruent with the direction of ego-motion (Experiment 1). On the other hand, no significant increment in the laminar motion-coherence threshold was observed under the condition in which the direction of laminar optic flow and that of vestibular input were congruent (Experiment 2).
Based on these results, we hypothesize that although congruent vestibular information may be used to compensate for an optic flow generated by ego-motion, the amount of compensation may differ between radial and laminar optic flow. Several previous studies have reported that when the relationship between the visual and non-visual (vestibular or proprioceptive) input is in the natural state, the perceived speed of radial optic flow can be underestimated during ego-motion in depth (Durgin, Gigone, & Scott, 2005; Thurrell, Pelah, & Distler, 1998; Pelah & Thurrell, 2001; Thurrell & Pelah, 2005) . The results of Experiment 1, which showed a significant interaction between radial optic flow and vestibular input, are parallel to those of previous studies. On the other hand, in Experiment 2, we found that direction of vestibular input had little or no effect on the relevant upward/downward laminar optic-flow sensitivity. The results of Experiments 1 and 2 suggest that congruent vestibular information reduces radial but not laminar optic-flow sensitivity during self-motion. This implies that the compensation process of visual motion perception during egomotion may favor particular forms of visual motion such as radial optic flow. The difference in the visuo-vestibular interaction observed between radial and laminar optic-flow perception may be attributed to a difference in opportunities to encounter these two flow patterns. As mentioned in the Introduction, we usually move through the environment facing forward rather than looking down toward our feet or the ground. If we move in space, we see a radial/ laminar flow in the former/latter situation. Hence, it is plausible that we experience radial optic flow more frequently than we experience laminar flow during ego-motion events. Such a difference in frequency between experiences of radial and laminar optic flow may result in the distinct visuo-vestibular interactions observed in the present study.
In both Experiments 1 and 2, we found a significant main effect of the movement of the wheelchair. This suggests that in both experiments, the motion-coherence threshold was significantly higher under the dynamic condition than under the static condition under both congruent and incongruent conditions. Perhaps vestibular information itself can decrease the visual motion sensitivity in particular ways independently of the heading direction. For instance, small eye movements were likely elicited by vestibular input, and such eye movements may add noise to the motion signals on the retina. Additionally, the patterns of the potential eye movements in Experiments 1 and 2 may have differed, and these distinct eye movements may have resulted in the observed difference between the results of these experiments.
The main finding of the present study was that coherence sensitivity to radial optic flow during passive self-movement can be decreased when the relationship between vestibular and visual information is in the natural state. One may claim that such a decrement in radial-flow sensitivity stems from an underestimation of the speed of visual motion during self-motion, as reported in previous studies (e.g., Durgin, Gigone, & Scott, 2005; Thurrell, Pelah, & Distler, 1998; Pelah & Thurrell, 2001; Thurrell & Pelah, 2005) ; if the coherence threshold for a radial flow pattern were affected by the perceived speed of the flow pattern, the observed decrement in radial flow coherence sensitivity in Experiment 1a may be attributed to the underestimation of flow speed during self-motion. Although such an interpretation may explain the results of Experiment 1a, it should be noted that several previous studies reported that motion speed had little effect on the measurement of the motion-coherence threshold given a broad range of speed values (Scase, Braddick, & Raymond, 1996; van de Grind, van Doorn, & Koenderink, 1983) . Considering this general property of the motion-coherence threshold, the results of the present study may be relatively independent of the reduced perceived speed during a self-motion event.
Additionally, a recent empirical study may provide support for the present findings showing that the coherence threshold for visual motion can be increased when visual and vestibular information are consistent during a self-motion event. Fetsch et al. (2009) reported that the motion coherence of a dynamic dot pattern affected the weights given to visual and vestibular information related to the perception of heading direction. They used human and monkey subjects and examined perceptions of heading direction under conditions in which a visual flow (composed of dynamic random dots with various levels of motion coherence) slightly conflicted with vestibular input about heading direction. They calculated the weights of the visual and vestibular information for the reported heading direction and found that when the motion coherence (i.e., reliability) of visual flow was lower, the vestibular input was given a greater weight in judgments of heading direction. Their results suggest that the form of the interaction between visual and vestibular information can dynamically change depending on the reliability of the visual information contributing to perceived heading direction. They also reported some individual differences in the reweighting process of the visuo-vestibular interaction. Although the aim of the study conducted by Fetsch et al. (2009) differed from that of the present study (investigating the effect of visual motion coherence on heading perception vs. investigating the effect of vestibular input on visual motion coherence threshold), the results of the two studies may be comparable in some respects: both studies showed that the motion coherence of optic flow can affect (or be affected by) the integrative processing of visuo-vestibular information during self-motion experiences and that there are individual differences in such interactions.
We must note that the different results observed in Experiments 1 and 2 may have stemmed from difference in the observers' posture during experiments. We tested the effect of forward/backward vestibular input on radial and laminar flow sensitivity using the same experimental apparatus. To accomplish this, we had to ask our participants to keep their faces and upper bodies either orthogonal (Experiment 1) or parallel (Experiment 2) to the ground plane (see Fig. 1a and b) . This meant that the direction of gravity, or the vestibular stimulus, was parallel (or orthogonal) to the longitudinal axis of an observer's head in Experiment 1, whereas it was orthogonal (or parallel) to the longitudinal axis of the observer's head in Experiment 2. Such differences in the relationship between head orientation and direction of gravity and vestibular stimulus seem to have a different effect on the interaction between visual and vestibular information. MacNeilage, Banks, DeAngelis, and Angelaki (2010) recently found that the relationship between head (and body) orientation and gravity direction has a strong effect on ability to discriminate heading direction. Overall, their results showed that the thresholds in a task involving discrimination of heading direction were lower when the observers kept their heads and bodies in an upright than in a side-down position. Moreover, they reported that vestibular sensitivity could also be modulated by the relationship between head orientation and direction of vestibular input. Because of the difference between the experimental conditions and tasks in the study conducted by MacNeilage et al. (2010) and the present study, it is difficult to compare these two studies directly. However, it is highly plausible that the postural factors in Experiments 1 and 2 of the present study may have had an important effect on the distinct results of these two experiments. If we had asked the observers to twist their bodies to their left or right and to maintain such a posture throughout the experiments, then the observers may have been able to see a laminar flow pattern with an upright head position. However, several pilot observations led to our decision not to follow such a procedure. Indeed, it was almost impossible to maintain such a difficult posture, even for one experimental session. More detailed investigations of possible combinations of head and body postures and directions of gravity and/or vestibular stimulus under new experimental settings may be required to more fully resolve this issue.
Particular visual cortical areas in the dorsal pathway, such as MSTd (Duffy & Wurtz, 1991a , 1991b Graziano, Andersen, & Snowden, 1994; Saito et al., 1986; Tanaka, Fukada, & Saito, 1989; Tanaka et al., 1986) and VIP (Schaafsma & Duysens, 1996; Wall & Simth, 2008; Zhang, Heuer, & Britten, 2004) , are known to be selectively activated by various optic-flow stimuli such as radial expansion/contraction. Moreover, recent neurophysiological studies have implied that neurons in these cortical areas also have important roles in coordinating visual optic flow with either vestibular (MSTd: Gu, DeAngelis, & Angelaki, 2007 , VIP: Bremmer et al., 2002 Schlack, Hoffmann, & Bremmer, 2002) or tactile (Duhamel, Colby, & Goldberg, 1998) motion stimulation. Schlack, Hoffmann, and Bremmer (2002) reported that about half of the neurons in monkeys' VIP, which is sensitive to both visual and vestibular directional information, had opposing directional selectivity between visual and vestibular motion, whereas the other half had congruent visuo-vestibular directional selectivity. Gu, Angelaki, and Deangelis (2008) also reported groups of neurons in the monkey MSTd that are sensitive to either the congruence or incongruence of visuo-vestibular information. It is difficult to confirm whether the present behavioral findings can be directly related to these previous neural findings. However, the neural mechanisms, similar to the aforementioned neurons reported by Schlack, Hoffmann, and Bremmer (2002) , may be responsible for the reduction in optic-flow sensitivity during ego-motion observed in the present study.
